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Abstract 17 
 18 
Particle size distribution patterns of trace elements and metals across three size fractions (<0.25 19 
µm, quasi-ultrafine particles, q-UF; 0.25-2.5 µm, accumulation particles; 2.5-10 µm, coarse 20 
particles) were analysed in indoor and outdoor air at 39 primary schools across Barcelona (Spain). 21 
Special attention was paid to emission sources in each particle size range. Results evidenced the 22 
presence in q-UF particles of high proportions of elements typically found in coarse PM (Ca, Al, Fe, 23 
Mn or Na), as well as several potentially health-hazardous metals (Mn, Cu, Sn, V, Pb). Modal shifts 24 
(e.g., from accumulation to coarse or q-UF particles) were detected when particles infiltrated 25 
indoors, mainly for secondary inorganic aerosols. Our results indicate that the location of schools in 26 
heavily trafficked areas increases the abundance of q-UF particles, which infiltrate indoors quite 27 
effectively, and thus may impact children exposure to these health-hazardous particles. 28 
 29 
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 31 
Introduction 32 
 33 
Most of the concern over atmospheric particles derives from their impact on a number of aspects, 34 
ranging from climate (Shindell et al., 2012) or visibility (Cheung et al., 2005), to human health 35 
(WHO, 2013). In regard to the latter, aerosol effects are dependent on particle size, with different 36 
health effects being associated to different particle diameters (WHO, 2013). Aerosols may be 37 
classified based on particle diameter as coarse (aerodynamic diameter >1 µm), fine (1 38 
µm>aerodynamic diameter> 100 nm), ultrafine particles (<100 nm) and nanoparticles (<50 nm) 39 
(Seinfeld & Pandis, 1998). Some of these definitions may vary, especially for the finer size fractions 40 
(Kumar et al., 2010). Recent studies have extended the use of the term ultrafine particles to 41 
particles up to 250 nm in diameter, referring to this size fraction as ―quasi-ultrafine‖ (Saffari et al., 42 
2013). 43 
 44 
Numerous studies have evidenced a wide range of adverse health outcomes on the human 45 
cardiovascular and respiratory systems linked to the exposure to airborne coarse, fine and ultrafine 46 
particles (Cassee et al., 2013). Whereas coarse aerosols impact mostly on respiratory system 47 
(Pérez et al., 2008), ultrafine particles have the ability to translocate to the circulatory system and 48 
induce inflammation (Oberdorster, 2001). 49 
 50 
The partitioning of elements among various sizes depends on their sources and affects their 51 
chemical composition and therefore will impact the potential toxicity induced on different regions of 52 
the body (Cassee et al., 2013). Based on their chemical composition different types of particles 53 
generate reactive oxidative species, with metallic particles such as Cu and Fe being a well-known 54 
example (Fu et al., 2014) albeit not the only one (e.g., soluble and mineral particles; Hetland et al., 55 
2001). Because literature results evidence that health effects from airborne particles depend on 56 
their chemical composition (e.g., transition metals, combustion-derived organic particles) but also 57 
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on physical properties (size, particle number; Cassee et al., 2013), it is essential to assess the link 58 
between the two by evaluating the concentration of major and trace aerosol components across 59 
particle size fractions. This assessment could be used as input data for the assessment of health 60 
effects of particles reaching different regions of the body. 61 
 62 
In addition to health effects studies, source apportionment analyses of ultrafine particles and 63 
nanoparticles by receptor modelling tools also require chemical size distribution data. For coarse 64 
and fine aerosols, tracer elements of specific emission sources (e.g., vehicular traffic, mineral dust, 65 
sea salt, among others) are well established and have been frequently used in the literature 66 
(Bruinen de Bruin et al., 2006). However, studies have indicated that such tracers may not be 67 
common across particle size fractions (Lin et al., 2005; Miller et al., 2007; Gietl et al., 2010; 68 
Buonanno et al., 2011; Liati et al., 2012; Patel et al., 2012). As an example, whereas Al and Ca are 69 
known to be tracers of mineral dust in coarse aerosols, they may be derived from local-scale 70 
combustion processes when found in ultrafine particles (Lin et al., 2005). As a result, interpreting Al 71 
and Ca as tracers of mineral matter in ultrafine particles may be misleading for specific cases 72 
(Sanderson et al., 2014). Similar cases are reported for Fe, Ca, P and Mg in ultrafine particles from 73 
lubricating oils (Miller et al., 2007; Patel et al., 2012) and for Ca, Mg, Al and Fe in ultrafine particles 74 
from diesel soot (Liati et al., 2012; Sanderson et al., 2014). Consequently, relatively few source 75 
apportionment studies of ultrafine particles are currently available (Karanasiou et al., 2007; 76 
Sanderson et al, 2014). 77 
 78 
Finally, understanding the way in which elements partition across particle size fractions also allows 79 
us to interpret changes in such particle size distributions, especially those induced by physical 80 
and/or chemical processes, such as particle infiltration from outdoor to indoor air. Infiltration 81 
processes may alter particle size distribution and aerosol composition for specific aerosols, e.g., 82 
volatilization of ammonium nitrate (Hering et al., 2007). The assessment of the chemical size 83 
distribution data of aerosol components should enhance our understanding of the extent to which 84 
infiltration processes affect indoor aerosols, and provide better insights on indoor exposures. In the 85 
present study, this analysis targets children and their exposure to indoor airborne pollutants during 86 
school hours. Previous studies on indoor air quality in schools (Blondeau et al., 2005; Diapouli et 87 
al., 2007; Weichenthal et al., 2008; Morawska et al., 2009; Mejía et al., 2011; Mazaheri et al., 88 
2014) concluded that research on indoor air quality in typical schools is vital to students’ health and 89 
their performance, given that numerous outdoor airborne pollutants are present in schools. 90 
 91 
This work aims to quantify the distribution of major metals and trace elements across three particle 92 
size fractions in urban outdoor and indoor air. This assessment was carried out in primary schools 93 
in Barcelona, both indoors and outdoors, and at different distances from traffic emissions. Our 94 
results provide qualitative and quantitative descriptions of particle size distribution patterns for 95 
metals and trace elements, with a special focus on their emission sources in each particle size 96 
range. 97 
 98 
 99 
Methodology 100 
 101 
Sampling locations 102 
Measurements were carried out in 39 schools across Barcelona (Spain), selected in the framework 103 
of the Advanced ERC Grant BREATHE. Schools were divided into those representative of the city’s 104 
urban background pollution levels and of high traffic emissions (Rivas et al., 2014), and then 105 
grouped into pairs (one school of each type) for concurrent sampling. In each school, indoor and 106 
outdoor sampling was carried out simultaneously. Further details of the sampling locations are 107 
provided elsewhere (Rivas et al., 2014; Viana et al., 2014). Two six-month sampling campaigns 108 
took place between January 2012 and February 2013, at a rate of 2 schools per week. Sampling 109 
was carried out at each school twice. 110 
 111 
Sample collection and analysis 112 
Filter samples were collected using Personal Cascade Impactor Samplers (PCIS; Misra et al., 113 
2002) connected to SKC Leland Legacy pumps, operating at 9 lpm. Four PCIS were placed 114 
simultaneously (2 indoors, 2 outdoors) in each school. Samples were collected only during school 115 
hours (9:00-17:00 local time, 8 hours) over a period of 4 consecutive days (Monday to Thursday). 116 
Thus, samples accumulated 32 sampling hours on the same filters and were representative of 117 
weekly (4-day) school-hour concentrations. 118 
 119 
Each PCIS collected size-fractionated particles in the size ranges <0.25 µm (quasi-ultrafine 120 
particles, q-UF), 0.25-2.5 µm (accumulation mode particles), and 2.5-10 µm (coarse PM). The 121 
collection substrates were Pall quartz-fibre filters (Pall Tissuquartz 2500QAT-UP), 25 mm in 122 
diameter for the coarse and accumulation stages, and 37 mm for q-UF particles. 123 
 124 
After collection, mass concentrations were gravimetrically determined by weighing the filter 125 
substrates on a Mettler-Toledo Microbalance. All samples were then analysed for major and trace 126 
elements. For each school, week and environment (indoor and outdoor), 2 parallel samples (with 3 127 
filter substrates each) were available: A and B. The mass concentration on samples A and B was 128 
comparable. The filters from PCIS A were acid digested (HNO3:HF:HClO4) to determine major and 129 
trace elements by ICP-MS and ICP-AES (Querol et al., 2001). The filters from PCIS B were cut in 130 
two halves: one half was leached in deionised water to extract the soluble fraction, which was 131 
analysed by ion chromatography and ion selective electrode to determine concentrations of SO4
2-, 132 
NO3
-, Cl- and NH4
+. The remaining half filter was used for determination of OC and EC by thermal-133 
optical transmission (TOT) with a Sunset OCEC Analyzer following the temperature protocol 134 
NIOSH. This methodology was applied equally to each of the size ranges (q-UF, accumulation and 135 
coarse). 136 
 137 
In total, the number of valid samples for outdoor air was 84 and 144 for sampling campaigns 1 and 138 
2, respectively, and 75 and 126 for indoor air for sampling campaigns 1 and 2. 139 
 140 
 141 
Results and discussion 142 
 143 
Mean indoor and outdoor concentrations 144 
 145 
The size-fractionated mean concentrations of major and trace components, as well as the 146 
gravimetrically determined mass, for indoor and outdoor air samples, are shown in Figure 1. The 147 
data shown are the mean concentrations for both sampling campaigns, and thus representative of 148 
cold and warm periods separately, and of the annual mean when combined. The measurements 149 
were taken during the school year (while children were inside the classrooms). The mass closure 150 
of indoor and outdoor aerosols is not described in detail, as it is not the main focus of this work. 151 
The mass closure for the first sampling campaign was discussed in detail in Viana et al. (2014), 152 
whereas this work focusses on particle size distribution patterns and across both sampling 153 
campaigns. 154 
 155 
An initial assessment demonstrates larger differences between the mass of the three size fractions 156 
in indoor than in outdoor air, with a mass ratio between coarse and accumulation mode particles of 157 
2.3 indoors and of 1.5 outdoors, respectively. This difference is mainly induced by the higher indoor 158 
organic carbon (OC) mass. In indoor air, OC was the major contributor to all size fractions, 159 
accounting for 74% of coarse, 80% of accumulation and 39% of q-UF particles. As described by 160 
Rivas et al (2014) and Viana et al (2014), the main origin of organic aerosols in indoor air in the 161 
schools under study was human activity (textiles, skin flakes, etc.). Also in indoor air, the second 162 
largest contributor to all size fractions were major elements Al2O3, Ca, Fe, K and Mg, most of them 163 
tracers of mineral matter in coarse and accumulation particles. In q-UF particles, the source origin 164 
of these major metals is most probably also mineral. However, in trace concentrations much lower 165 
than the ones obtained in this study, these elements may also originate from road dust (Dahl et al., 166 
2006), traffic fuels (diesel or gasoline) and/or to lubricants, among others (Sanderson et al., 2014). 167 
It is also possible that the high contribution of mineral elements to q-UF particles is, to a certain 168 
extent, an effect of bounce-off from previous stages in the impactors, or to a slight deviation from 169 
the expected cut-off diameter due to flow control. This is a known limitation of impaction techniques 170 
(Gomes et al., 1990). However, Misra et al (2002) showed that bounce is negligible with PCIS 171 
impactors due to the relatively low jet velocity (645 cm/s) in the 2.5 um stage. This potential 172 
artefact was not quantified in the present work. 173 
 174 
Mineral elements accounted for 15% of coarse, 6% of accumulation and 9% of q-UF particles 175 
indoors. In coarse particles, the main source of mineral dust was re-suspension of indoor- and 176 
outdoor-originated dust within the classrooms (Amato et al., 2014; Rivas et al., 2014; Viana et al., 177 
2014). The high contribution of mineral elements to q-UF particle mass (2.3 µg/m3) was an 178 
unexpected result, given that mineral contributions are generally considered to be minimal in this 179 
size fraction (Seinfeld & Pandis, 1998). However, Rivas et al (2014) showed that the levels of 180 
mineral matter in PM2.5 at the Barcelona schools are much higher than those measured in the 181 
Barcelona urban background. Tracers of marine aerosols (Na and Cl-) contributed with 4-5% of 182 
particle mass across size fractions, although it should be stated that traces of Na could originate 183 
from other (anthropogenic) sources in q-UF particles, as in the case of other major elements 184 
(based on the low R2 between Na and Cl-, <0.3). 185 
 186 
Relatively larger similarities were observed in the chemical composition of the different particle size 187 
fractions outdoors, when compared to indoor air. Organic matter was again the main contributor to 188 
all size fractions outdoors, with contributions ranging from 57% of coarse particles to 74% of 189 
accumulation and 30% of q-UF particles. The main source of outdoor carbonaceous aerosols 190 
(including elemental carbon, contributing with 1-5% of the PM mass) in the Barcelona schools 191 
under study was vehicular traffic (Amato et al., 2014). Mineral elements accounted for 13% of 192 
coarse, 5% of accumulation and 10% of q-UF particle mass, similarly to indoor air, even if in terms 193 
of mass concentration the contribution was higher indoors for coarse particles (5.6 µg/m3 indoors 194 
vs. 2.7 µg/m3 outdoors). As in the case of indoor air, the mineral mass in q-UF particles found 195 
outdoors (2.3 µg/m3) was high, as observed also by Rivas et al. (2014) for PM2.5. The mineral mass 196 
in q-UF particles was higher than that reported by Daher et al. (2013) for traffic-influenced sites in 197 
central Los Angeles (0.84 µg/m3), suggesting the possibility of an additional source of q-UF mineral 198 
particles in the Barcelona schools. Saffari et al. (2013) also reported mineral matter concentrations 199 
lower than in Barcelona. These results, together with the higher organic mass indoors also in 200 
coarse particles (27.1 µg/m3 indoors vs. 11.9 µg/µm3 outdoors) confirm the high exposure of 201 
schoolchildren in Barcelona to mineral and organic aerosols reported in detail elsewhere (Rivas et 202 
al., 2014; Viana et al., 2014). 203 
 204 
Partitioning of chemical components across particle size fractions 205 
 206 
The particle size distribution patterns of major and trace elements are discussed in the following 207 
sections. Because only three size fractions are available, the terms ―patterns‖ or ―particle size 208 
distribution patterns‖ are used throughout the text, as opposed to ―particle size distributions‖ which 209 
is more appropriate when a larger number of size channels is available. The terms ―unimodal‖ or 210 
―bimodal‖ are only used on specific occasions. 211 
 212 
a) Outdoor air 213 
 214 
The mean distribution of major and trace elements in outdoor air are shown in Figure 2. The 215 
behaviour of each individual element and component was assessed in order to evaluate how they 216 
partition between size fractions, attempting to identify common patterns and to infer potential 217 
emission sources. Initially, the prevalence of mass concentrations in one or two modes was 218 
identified, but the distinction between them was at times not straightforward. In order to apply a 219 
systematic approach, an arbitrary threshold of 20% was defined as the minimum difference 220 
between mass concentrations to define a mode. As an example, for a given element, the ratio 221 
between the mass concentration in the coarse and accumulation modes was calculated, and also 222 
the ratio between q-UF and accumulation modes. If both ratios indicated mass differences between 223 
modes >20%, then the distribution was classified as having 2 modes, because there was a >20% 224 
mass difference between the coarse and accumulation modes, and between the q-UF and 225 
accumulation modes (―U‖ shaped distribution). Conversely, if only one ratio showed a mass 226 
difference >20% then the distribution was classified as having only 1 mode 227 
 228 
Applying this classification scheme, the following patterns were identified (Figure 2 and Table 1): 229 
 230 
One mode, with prevalence for accumulation particles (1A): as expected (Seinfeld & Pandis, 1998), 231 
this was the characteristic size distribution of NO3
- aerosols in outdoor air. Because NO3
- may be 232 
present in the form of NH4NO3 but also forming salts with coarser cations (Ca, Na, etc.), 46% of the 233 
mean NO3
- mass was found in accumulation particles followed by 31% of the mass in coarse and 234 
23% of the mass in q-UF particles. Despite showing 2 modes (Table 1), SO4
2- and NH4
+ are also 235 
described here due to their prevalence in the accumulation mode. Sulphate was found mostly in 236 
the form of (NH4)2SO4 and therefore showed a strong contribution in the accumulation mode but 237 
also in q-UF particles (q-UF, 44%, and accumulation, 42%, classified as 2UA). The same pattern 238 
was followed by NH4
+, with prevalence for accumulation (45% of the mass) and q-UF (43%) 239 
particles (pattern 2UA). 240 
 241 
One mode, with prevalence for coarse particles (1C): components with this size distribution were 242 
Sb and Ga. This distribution suggests a single source for each of these species, or different 243 
sources emitting particles in the same size range. In the case of Sb, the emission sources are 244 
mostly linked to vehicular emissions (road dust re-suspension, Bruinen de Bruin et al., 2006), 245 
which generate coarse particles. 246 
 247 
One mode, with prevalence for q-UF particles (1U): EC, Cr, Ni, Ge, Sr, Zr, Mo, Cd, Ba, La and Ce 248 
partitioned in this way. This group of species shows a clear link with anthropogenic emissions, 249 
specifically vehicular traffic (EC, Cd, Sr, Ba) and industrial emissions (Ni, Cr, Ge, Mo, Cd). These 250 
elements may be either emitted as primary q-UF particles or formed in the atmosphere as a result 251 
of nucleation from high-temperature vaporization processes, also possibly linked to vehicular traffic 252 
(Sanders et al., 2003). 253 
 254 
Two modes (accumulation and coarse), with similar mass in both modes (2CA): OC aerosols 255 
followed this pattern, suggesting natural (bioaerosols) and anthropogenic (traffic, industry, 256 
background aerosols) sources. The fact that these species are more prevalent in the two coarser 257 
sized fractions (coarse and accumulation particles) suggests also the possibility of some 258 
atmospheric aging. 259 
 260 
Two modes (coarse and q-UF), with prevalence for coarse particles (2Cu): components with higher 261 
mass in the coarse mode but also with significant mass in q-UF particles were Ca, Fe, Mg, Na, Li, 262 
Ti, Mn, Cu, Rb and Sn. This group of elements shows marked contributions from mineral tracers 263 
(Ca, Fe, Mg, Li, Ti, Mn, Rb) and sea salt (Na, Mg) in the coarse mode. Also, results evidence the 264 
presence in outdoor q-UF particles of typically mineral and sea salt-derived elements, and in 265 
relatively high proportions (e.g., 29% of Ca in q-UF particles, 33% of Fe, 37% of Mg or even 40% 266 
of Na, Table S1). In trace concentrations lower than the ones reported here, some of these 267 
elements may also be tracers of traffic when found in q-UF particles (Lin et al., 2005; Dahl et al., 268 
2006; Patel et al., 2012; Sanderson et al., 2014). In coarse and q-UF particles, mineral matter 269 
components in the Barcelona schools may originate from city dust with additional contributions 270 
from local playground dust, which is finely ground by children’s activities (Rivas et al., 2014). 271 
Regarding the trace metals in this group, the partitioning of some of them in coarse particles (Sn, 272 
Cu, Ti, Rb) may be expected as resulting from road dust re-suspension (Amato et al., 2009). In 273 
addition to mineral dust as a major contributor to q-UF particles, traces of these elements in q-UF 274 
particles could derive from road dust (Dahl et al., 2006), their use as additives in lubricant oils 275 
(Saffari et al., 2013) and/or from vaporisation of metals due to the high temperatures reached 276 
during the braking process (Sanders et al., 2003). 277 
 278 
Two modes (coarse and q-UF), with similar mass in q-UF and coarse particles (2UC): only two 279 
components showed this pattern, Al2O3 and V, with a prevalence for q-UF particles although also 280 
with a significant contribution from coarse particles. In trace concentrations in q-UF particles, Al2O3 281 
and V have been associated with combustion processes (Sanderson et al., 2014). However, the 282 
major origin of these elements in q-UF particles is probably mineral dust, from the school 283 
playgrounds and/or from road dust (Al2O3 and K; Dahl et al., 2006). In coarse particles, Al2O3 is 284 
linked with mineral matter (Bruinen de Bruin et al., 2006), and fine V is associated with fuel-oil 285 
combustion (Tolocka et al., 2004). 286 
 287 
Two modes (coarse and q-UF), with prevalence for q-UF particles (2Uc): K was the only element to 288 
follow this pattern, linked with mineral matter and biomass burning emissions in coarse particles 289 
and with mineral dust in q-UF particles. 290 
 291 
b) Indoor air 292 
 293 
Similar size distribution patterns were detected for indoor air (Table 1 and Figure 3): 294 
 295 
One mode, with prevalence for coarse particles (1C): Sb and Ga followed the same pattern as 296 
outdoors, which was also followed indoors by NO3
- and Cl-. Indoor NO3
- showed prevalence for 297 
coarse particles and lower absolute mass concentrations than outdoors (1.2 µg/m3 outdoors vs. 0.4 298 
µg/m3 indoors), thus evidencing the evaporation of fine NO3
- species during infiltration from outdoor 299 
to indoor air (Hering et al., 2007). In case of Cl-, whereas no specific pattern was detected 300 
outdoors, indoors there was an enrichment in coarse particles (1.0 µg/m3 outdoors vs. 1.2 µg/m3 301 
indoors), which could be related to Cl- emissions from cleaning products, and a decrease in 302 
accumulation mode Cl- (0.9 µg/m3 outdoors vs. 0.7 µg/m3 indoors). However, it should be noted 303 
that these concentration differences are low and close to the detection limits of the instruments. 304 
 305 
One mode, with prevalence for q-UF particles (1U): as in outdoor air, EC, Ni, Ge, Mo and Cd 306 
followed this pattern, and also SO4
2-. This group of species is associated with typical outdoor 307 
anthropogenic emissions (mainly from vehicular traffic and industrial emissions), which infiltrate 308 
indoors. The concentrations of accumulation mode SO4
2- particles detected outdoors (pattern 2UA) 309 
seem to decrease indoors, whereas coarse SO4
2- particle mass increases. The absolute mass is 310 
similar in indoor when compared to outdoor air for sulphate, and lower for the rest of the 311 
components analysed. 312 
 313 
Two modes (coarse and q-UF), with prevalence for coarse particles (2Cu): components with 314 
prevalence for coarse particles but with a secondary q-UF particle mode in indoor air were Fe, Ca, 315 
Mg, Na, Li, Ti, Mn, Cu, Rb, Sn, Al2O3, V, As, Sr and Pb. The first (Fe, Ca, Mg, Na, Li, Ti, Mn, Cu, 316 
Rb, Sn) showed the same pattern outdoors, suggesting that at least one indoor source of these 317 
elements was infiltration from outdoor air. Given their mostly mineral origin, another indoor source 318 
would be re-suspension of indoor dust (originated indoors or entrained from playgrounds by the 319 
children). In the case of Ti, concentrations in the coarse mode were 80 ng/m3 indoors and 55 320 
ng/m3 outdoors, whereas they were fairly similar in the q-UF and accumulation modes. This may 321 
indicate the presence of a specific indoor source of coarse Ti particles, which could be related to 322 
the re-suspension of settled particles of outdoor origin or to TiO2 used as white pigment in paint 323 
(Uhde & Salthammer, 2007). For Ca, an additional enrichment in coarse particles indoors was 324 
detected, which results from the contribution from chalk dust (Rivas et al., 2014). Absolute indoor 325 
Ca concentrations were higher than outdoors by a factor of 2.6, especially in the coarse mode (I/O 326 
factor of 3.0). Mineral dust re-suspension and the subsequent enrichment in coarse particles was 327 
also the most probable cause for the modal shift observed for the remaining components in this 328 
group (Al2O3, V, As, Sr, Pb). Al2O3 followed a 2UC pattern outdoors and shifted to a coarse pattern 329 
(2Cu) indoors, due to an increase in the coarse Al2O3 mass. V followed a similar pattern, as it may 330 
substitute Al in crystalline structures. A similar increase in coarse Sr was detected in indoor air, 331 
together with a marked decrease in q-UF Sr with respect to outdoor air (where Sr followed a 1U 332 
pattern). Elements which may be less related to mineral matter (e.g., As) also showed increases in 333 
coarse mode mass and decreases in the masses of accumulation and q-UF particles in indoor with 334 
respect to outdoor air. Absolute concentrations were always similar or lower indoors. 335 
 336 
As in the case of outdoor air, these results indicate the presence in q-UF particles in indoor air of 337 
typical tracers of mineral matter (both of indoor and outdoor origin), and in relatively high 338 
proportions (e.g., 35% of Al2O3, 17% of Ca, 21% of Fe, 39% of K, 24% of Mg or 27% of Na, Table 339 
S2). These results also show the presence in indoor air of trace and potentially toxic metals in q-UF 340 
particles, such as Mn, Cu, Sn, V or Pb. The origin of these metals is probably infiltration from 341 
outdoor air. As a result, metallic q-UF particles are detected indoors and thus may impact exposure 342 
of schoolchildren. 343 
 344 
Two modes (coarse and q-UF), with prevalence for q-UF particles (2Uc): only one element (Cr) 345 
was identified with a consistent and strong prevalence for q-UF particles and a smaller contribution 346 
in coarse particles. 347 
 348 
Two modes (coarse and q-UF), with similar mass in both modes (2UC): a similar case to the 2Cu 349 
pattern, but with an even stronger enrichment in coarse particles, was detected for K, Zn, Ba, La 350 
and Ce. These elements showed a prevalence for q-UF particles in outdoor air (1U or 2Uc 351 
patterns), whereas indoors an increase in the absolute coarse mass concentration of all of them 352 
was detected. This suggests the presence of indoor sources (possibly, mineral), and the increased 353 
exposure of children to these elements in coarse aerosols. 354 
 355 
Two modes (q-UF and accumulation), with similar mass in both modes (2UA): in indoor air, NH4
+ 356 
was the only component to show this mass size distribution pattern. A similar pattern was expected 357 
for SO4
2-, but however absolute concentrations were similar (1.2 µg/m3 outdoors vs. 1.3 µg/m3 358 
indoors) but a shift toward q-UF particles was detected in indoor air (pattern 1U, Figure 3). This 359 
shift was relative and linked not with an increase of q-UF SO4
2- but with a reduction in 360 
accumulation mode SO4
2- (ratio I/O for accumulation particles = 0.7). This could be related to 361 
infiltration losses due to particle size, even though infiltration is known to be most efficient for 362 
particles in the accumulation mode (Long et al., 2001). In addition, an increase in coarse SO4
2- 363 
particles was detected (ratio I/O for coarse particles = 2.2), which probably originate from indoor-364 
specific sources such as chalk from blackboards (Rivas et al., 2014; Viana et al., 2014). 365 
 366 
Two modes (accumulation and coarse), with similar mass in both modes (2CA): indoor OC 367 
followed the same pattern as in outdoor air, as a result of infiltration of outdoor particles indoors. In 368 
addition to the outdoor sources of OC described above, one additional source of coarse indoor OC 369 
(human activity, Rivas et al., 2014) contributed to an enhanced coarse OC mode, with a larger 370 
coarse/accumulation ratio (2.2 indoors vs. 1.1 outdoors). 371 
 372 
In sum, typically mineral elements (e.g., Ca, Fe, Mg, Al, Ti, Sr) prevailed in coarse aerosols indoors 373 
due to the influence of indoor sources (dust re-suspension). In addition, exposure to metallic 374 
particles in the q-UF size mode was also evidenced (EC, Ni, Mo, Cd), which resulted mainly from 375 
outdoor infiltration. The presence of typically mineral elements in q-UF particles (e.g., Fe, Mg, Na, 376 
Li, Ti) was also shown in indoor air, probably sourcing from finely ground mineral matter from 377 
playgrounds (Rivas et al., 2014). During infiltration, secondary inorganic aerosols underwent a 378 
modal shift, towards coarse particles in the case of NO3
- and towards q-UF particles in the case of 379 
SO4
2-. 380 
 381 
c) Influence of road traffic 382 
 383 
A detailed analysis was carried out for schools located in high- and low-traffic areas of the city, as 384 
described in the Methodology section and by Rivas et al. (2014). This analysis was only carried out 385 
for outdoor air, aiming to avoid the influence of other variables such as infiltration. 386 
 387 
When compared to the mean size distributions obtained for outdoor air, the results from the high 388 
traffic schools show a marked shift towards the finer grain-sized fractions, with most of the 389 
components evidencing at least one mode in the q-UF particle range (Table 1). This likely reflects 390 
the influence of fresh vehicular emissions, characterised by a higher fraction of ultrafine particles. 391 
On the other hand, at low traffic schools the prevailing size distributions were dominated by the 392 
accumulation mode, suggesting the transport and atmospheric ageing of fresh vehicular emissions 393 
towards urban background areas and the subsequent increase in particle size. Thus, the particle 394 
size of elements such as Cu, Fe or Rb which showed prevalence for coarse and q-UF particles 395 
(pattern 2Cu) at high traffic schools, shifted towards coarser particles only at low traffic schools 396 
(pattern 1C for Cu, and 1A for Fe and Rb). Similar cases were observed for elements such as Ca, 397 
Mg, Al or Pb. The number of elements showing prevalence for the coarse mode was higher at low 398 
traffic with respect to high traffic schools (1C patterns for OC, NO3
-, Cu, Se, Sn and Sb at low traffic 399 
schools vs. for Cl- and Sb at high traffic schools). Results show that NO3
- prevailed in the 400 
accumulation mode after oxidation from NOx emission in high traffic areas, and increased towards 401 
a coarse distribution after transport toward low traffic areas. Sulphate aerosols, on the other hand, 402 
showed maximum mass concentrations in q-UF and accumulation particles at high traffic schools, 403 
and shifted toward a unimodal q-UF pattern after ageing by means of a decrease in accumulation 404 
mode particles which probably shifted towards the coarse mode, as shown by the relative increase 405 
in coarse SO4
2- particles (0.22 µg/m3 in high-traffic vs. 0.35 in low traffic schools). Because the size 406 
distribution of particles outdoors influences indoor air quality through infiltration processes, our 407 
results evidence that the location of schools in heavily trafficked areas of the city has an impact on 408 
the amount of q-UF particles with the potential to infiltrate indoors, and thus on the increased 409 
exposure of schoolchildren to health-hazardous q-UF particles. This result supports the 410 
implementation of actions to reduce traffic emissions around schools. 411 
 412 
d) Influence of seasonality 413 
 414 
The variability in particle size of secondary organic and inorganic species (OC, SO4
2-, NO3
-) was 415 
assessed as a function of seasonality. This variability, induced by outdoor ambient temperature, 416 
should have an impact on indoor particles of outdoor origin through infiltration and thus on indoor 417 
exposure. To this end, mean outdoor ambient temperatures were calculated for each school and 418 
for the period Monday through Thursday, from 9-17h (school hours). Two types of scenarios were 419 
then identified: warm periods, with mean outdoor ambient temperature equal to or >20ºC 420 
(classified as ―summer‖; mean daily temperature 23.1ºC with 2.2ºC standard deviation), and cold 421 
periods with ambient temperatures <20ºC (―winter‖; mean daily temperature 13.5ºC with 3.5ºC 422 
standard deviation). In total, 23 summer and 53 winter scenarios were analysed. 423 
 424 
In outdoor air, the particle size patterns obtained for secondary inorganic aerosols followed 425 
expectations (Seinfeld & Pandis, 1998). In winter, under lower ambient temperatures, which favour 426 
the thermal stability of NH4NO3, NO3
- concentrations peaked in the accumulation mode and thus 427 
NO3
- was mostly present in this form (Figure 4). Under higher summer temperatures, NH4NO3 428 
(accumulation mode) decomposed and coarser NO3
- species (e.g., Ca or NaNO3) were formed. 429 
Sulphate, on the other hand, did not undergo such a modal shift but the influence of higher 430 
summer temperatures was evidenced as an increase in absolute accumulation mode SO4
2- 431 
concentrations (mostly (NH4)2SO4) due to the higher oxidation rate of SO2 (Hidy et al., 1994). 432 
 433 
The particle sizes and concentrations of outdoor secondary inorganic aerosols influenced indoor 434 
air (Figure 4). Indoor NO3
- followed a similar although less pronounced pattern than outdoors, with 435 
prevalence for accumulation particles (NH4NO3) in winter and for coarse particles (e.g., 436 
calcium/sodium NO3
-) in summer. As expected, concentrations were lower indoors than outdoors in 437 
winter, when outdoor concentrations reached their annual maxima, with the largest reduction being 438 
observed for q-UF and accumulation particles in indoor air (outdoor/indoor ratios of 5.1-5.7 for q-439 
UF and accumulation particles vs. of 3.1 for coarse particles). Therefore outdoor ambient 440 
temperatures seem to modify the particle size distribution patterns for NO3
- aerosols outdoors, and 441 
that the same patterns were followed by NO3
- indoors. 442 
 443 
Sulphate aerosols, on the other hand, evidenced different patterns indoors as a function of outdoor 444 
temperatures. In outdoor air throughout the year, and indoors in summer, SO4
2- was mostly present 445 
in accumulation and q-UF particles as expected. However, in indoor air and in winter, a decrease in 446 
accumulation SO4
2- particles was consistently detected, which remains unexplained with the data 447 
available. This effect seems to be related with seasonality, as it was only detected in winter, and it 448 
is possibly related with infiltration given that the windows remain closed in winter. I/O ratios >1 449 
were obtained in summer and winter for coarse SO4
2- (CaSO4), as a result of indoor emissions 450 
from blackboard chalk and the high mineral dust re-suspension (Rivas et al., 2014). 451 
 452 
Finally, organic aerosols were also assessed, showing prevalence for accumulation and coarse 453 
particles in outdoor air (ratios >1.6 for accumulation and coarse over q-UF particles). In indoor air, 454 
particle size distribution patterns seemed to be more strongly influenced by indoor sources than by 455 
seasonality. Both in winter and summer, indoor OC prevailed in coarse particles originating from 456 
human activity as described in the previous sections. Indoor concentrations were higher in winter 457 
due to the fact that windows were kept closed. In summer the absolute concentrations of q-UF and 458 
accumulation OC particles were similar to outdoor air because windows remained open most of the 459 
time, while coarse OC particles were higher indoors (ratio I/O = 1.4). This evidences that, as 460 
expected, OC emissions from human activity are mainly coarse. 461 
 462 
 463 
Conclusions 464 
 465 
This work aimed to describe particle size distribution patterns of major metals and trace elements 466 
in indoor and outdoor air in Barcelona, with a special focus on their emission sources in each 467 
particle size range. The main conclusions extracted may be summarised as follows: 468 
 469 
- Mineral and typically coarse elements (e.g., Ca, Fe, Al, Mg, Na) were detected in relatively 470 
high proportions in indoor and outdoor q-UF particles (20-40% of their mass in q-UF). These 471 
elements originate mainly from mineral matter and sea salt, and they may also source in trace 472 
concentrations from anthropogenic emissions in particles <100 nm. The presence in indoor air of 473 
potentially toxic metals in q-UF particles (Mn, Cu, Sn, V, Pb) was also detected, with a potential 474 
impact on child exposure. 475 
- Secondary inorganic aerosols, which prevailed in accumulation particles outdoors, 476 
evidenced modal shifts (NO3
- towards coarse particles due to evaporation losses, and SO4
2- 477 
towards q-UF particles due to the loss of accumulation particles) after they infiltrated indoors. The 478 
influence of an indoor-specific source of coarse sulphate was detected. 479 
- At high traffic schools, size distribution patterns were dominated by q-UF particles reflecting 480 
the influence of fresh vehicular emissions. At low traffic schools, accumulation particles prevailed 481 
suggesting the transport of fresh vehicular emissions from high traffic areas. Our results 482 
demonstrate that the location of schools in heavily trafficked areas increases the amount of q-UF 483 
particles with the potential to infiltrate indoors, and thus impacts child exposure to health-484 
hazardous q-UF particles. It is recommended that actions to reduce traffic emissions around 485 
schools should be undertaken. 486 
- Outdoor ambient temperatures modified the particle size distribution patterns for NO3
- 487 
aerosols outdoors, and the same patterns were followed by NO3
- indoors. Sulphate, on the other 488 
hand, displayed different patterns indoors with respect to outdoors as a function of seasonality. The 489 
particle size distribution patterns for organic carbon in indoor air seemed to be more strongly 490 
influenced by emission sources than by seasonality. 491 
 492 
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 627 
Figure captions 628 
 629 
Figure 1. Size-fractionated mean concentrations of major species, metals and trace components, 630 
as well as the gravimetrically determined mass, for indoor and outdoor air. Number of valid 631 
samples: 228 for outdoor air and 201 for indoor air. 632 
 633 
Figure 2. Examples of size distribution patterns identified for outdoor air. The specific patterns for 634 
all the components analysed are shown in Figure S1 in Supporting Information. The patterns (in 635 
red, top left corner) are defined as follows: one mode, with prevalence for q-UF particles (1U); one 636 
mode, with prevalence for accumulation particles (1A); one mode, with prevalence for coarse 637 
particles (1C); two modes (coarse and q-UF), with prevalence for coarse particles (2Cu); two 638 
modes (coarse and q-UF), with prevalence for q-UF particles (2Uc); two modes (coarse and q-UF), 639 
with similar mass in both modes (2UC); two modes (q-UF and accumulation), with similar mass in 640 
both modes (2UA); two modes (accumulation and coarse), with similar mass in both modes (2CA). 641 
 642 
Figure 3. Examples of size distribution patterns identified for indoor air. Specific patterns for all 643 
components are shown in Figure S2 in Supporting Information. 644 
 645 
Figure 4. Particle size distribution patterns identified for secondary organic and inorganic species 646 
as a function of seasonality. 647 
 648 
 649 
 650 
 651 
Table 1. Mean particle size distribution patterns identified in outdoor and air, as well as for outdoor 652 
air at schools with high and low traffic contributions. Pattern ―0‖ indicates concentrations in the 653 
three particle size modes which were not significantly different from each other (within 20% 654 
margin). 655 
 656 
Outdoor Indoor High Traffic (Outdoor) 
Low Traffic 
(Outdoor) 
NO3
-
 1A Sb 1C NO3
-
 1A Al2O3 
Ga 1C Ga 1C Cl
-
 1C Fe 
Sb 1C NO3
-
 1C Sb 1C Mg 
EC 1U Cl
-
 1C EC 1U Na 
Ni 1U EC 1U V 1U Li 
Ge 1U Ni 1U Ge 1U Ti 
Mo 1U Ge 1U As 1U V 
Cd 1U Mo 1U Se 1U Mn 
Sr 1U Cd 1U Sr 1U Ni 
Cr 1U SO4
2-
 1U Mo 1U Rb 
Ba 1U Ca 2Cu Cd 1U Sr 
La 1U Fe 2Cu Ca 2Cu La 
Ce 1U Mg 2Cu Fe 2Cu Ce 
Ca 2Cu Na 2Cu Mg 2Cu OC 
Fe 2Cu Li 2Cu Na 2Cu NO3
- 
Mg 2Cu Ti 2Cu Ti 2Cu Cu 
Na 2Cu Mn 2Cu Mn 2Cu Se 
Li 2Cu Cu 2Cu Cu 2Cu Sn 
Ti 2Cu Rb 2Cu Rb 2Cu Sb 
Mn 2Cu Sn 2Cu Sn 2Cu SO4
2- 
Cu 2Cu Al2O3 2Cu Al2O3 2Uc NH4
+ 
Rb 2Cu V 2Cu K 2Uc Ca 
Sn 2Cu As 2Cu Cr 2Uc Pb 
K 2Uc Sr 2Cu Ni 2Uc EC 
NH4
+
 2UA Pb 2Cu Ba 2Uc K 
SO4
2-
 2UA Cr 2Uc La 2Uc Cr 
Al2O3 2UC K 2UC Ce 2Uc Ge 
V 2UC Zn 2UC SO4
2-
 2UA Ba 
OC 2CA Ba 2UC Li 2UC Mo 
  La 2UC P 2UC Cd 
  Ce 2UC OC 2AC  
Cl
-
 0 NH4
+
 2UA NH4
+
 2AU  
P 0 OC 2CA Pb 2AU Cl
- 
Sc 0     P 
Co 0     Sc 
Zn 0 P 0 Sc 0 Co 
As 0 Sc 0 Co 0 Zn 
Se 0 Co 0 Zn 0 Ga 
Pb 0 Se 0 Ga 0 As 
 657 
*Patterns: one mode, with prevalence for q-UF particles (1U); one mode, with prevalence for accumulation particles 658 
(1A); one mode, with prevalence for coarse particles (1C); two modes (coarse and q-UF), with prevalence for coarse 659 
particles (2Cu); two modes (coarse and q-UF), with prevalence for q-UF particles (2Uc); two modes (coarse and q-660 
UF), with similar mass in both modes (2UC); two modes (q-UF and accumulation), with similar mass in both modes 661 
(2UA); two modes (accumulation and coarse), with similar mass in both modes (2CA). 662 
 663 
 664 
Supporting Information 665 
 666 
Table S1. Mean mass distribution of major and trace elements in q-UF, accumulation and coarse 667 
particles, in outdoor air. 668 
 669 
  Outdoor  
 q-UF Accumulation Coarse 
OC 23% 36% 40% 
EC 64% 23% 13% 
Al2O3 48% 11% 41% 
Ca 29% 11% 59% 
Fe 33% 9% 58% 
K 48% 18% 35% 
Mg 37% 11% 53% 
Na 40% 7% 52% 
SO4
2-
 44% 42% 14% 
NO3
-
 23% 46% 31% 
Cl
-
 29% 33% 38% 
NH4
+
 43% 45% 12% 
    
Li 38% 14% 47% 
P 36% 26% 38% 
Sc 34% 32% 34% 
Ti 30% 13% 57% 
V 38% 29% 33% 
Cr 82% 5% 13% 
Mn 37% 13% 50% 
Co 33% 33% 34% 
Ni 87% 6% 7% 
Cu 27% 20% 53% 
Zn 35% 33% 31% 
Ga 33% 29% 38% 
Ge 95% 2% 3% 
As 36% 33% 30% 
Se 36% 33% 31% 
Rb 32% 16% 53% 
Sr 55% 22% 23% 
Mo 96% 2% 2% 
Cd 47% 29% 23% 
Sn 35% 22% 43% 
Sb 9% 12% 79% 
Ba 64% 8% 28% 
La 51% 14% 35% 
Ce 60% 6% 34% 
Pb 35% 35% 30% 
 670 
 671 
Table S2. Mean mass distribution of major and trace elements in q-UF, accumulation and coarse 672 
particles, in indoor air. 673 
 674 
 675 
 676 
  Indoor  
 q-UF Accumulation Coarse 
OC 20% 25% 55% 
EC 53% 23% 24% 
Al2O3 35% 6% 59% 
Ca 17% 14% 68% 
Fe 21% 9% 69% 
K 39% 17% 45% 
Mg 24% 5% 71% 
Na 27% 16% 57% 
SO4
2-
 43% 28% 28% 
NO3
-
 22% 34% 45% 
Cl
-
 28% 26% 45% 
NH4
+
 46% 43% 11% 
    
Li 15% 12% 74% 
P 32% 25% 43% 
Sc 32% 32% 35% 
Ti 19% 11% 71% 
V 30% 24% 45% 
Cr 64% 15% 20% 
Mn 25% 12% 63% 
Co 30% 32% 38% 
Ni 72% 16% 12% 
Cu 32% 16% 51% 
Zn 35% 23% 42% 
Ga 28% 26% 46% 
Ge 95% 3% 2% 
As 31% 22% 47% 
Se 36% 30% 34% 
Rb 18% 14% 68% 
Sr 19% 8% 73% 
Mo 97% 2% 2% 
Cd 44% 31% 25% 
Sn 34% 19% 47% 
Sb 9% 10% 81% 
Ba 47% 6% 47% 
La 43% 13% 44% 
Ce 47% 5% 48% 
Pb 33% 22% 45% 
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0.5 
1.0 
1.5 
0.1 1 10 
n
g/
m
3 
Outdoor 
Sn Li Rb 2Cu 
0 
5 
10 
15 
0.1 1 
n
g/
m
3 
Outdoor 
Ti/10 Mn 2Cu 
1 10 
Indoor 
SO42- 
EC 
1U 
10 
20 
30 
40 
n
g/
m
3
 
Indoor 
Ba Zn 2UC 
5 
10 
15 
20 
25 
µ
g/
m
3
 
Indoor 
OC 2CA 
0.1 1 10 0.1 1 10 
0.0 
1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
0.1 1 10 
n
g/
m
3
 
Indoor 
Cd*10 
Ni 
1U 
0 
10 
20 
30 
40 
0.1 1 10 
n
g/
m
3
 
Indoor 
Mo 1U 
1 10 
Indoor 
Na Fe 
Ti/100 Mg 
Al2O3 Ca 
2Cu 
0 
1 
2 
3 
4 
5 
0.1 1 10 
n
g/
m
3 
Indoor 
As Rb Pb 
Sn V Li 
2Cu 
0 
2 
4 
6 
8 
10 
12 
0.1 1 10 
n
g/
m
3 
Indoor 
Sr Cu 2Cu 
Indoor 
La Ce K 2UC 
0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
0.1 1 10 
µ
g/
m
3 
Indoor SO4
2- 
Summer Winter 
0.0 
0.2 
0.4 
0.6 
0.8 
0.1 1 10 
µ
g/
m
3
 
10 
15 
20 
25 
µ
g/
m
3
 
Indoor OC 
Summer Winter 
0.0 
0.2 
0.4 
0.6 
0.8 
0.1 1 10 
µ
g/
m
3
 
0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
0.1 1 10 
µ
g/
m
3 
Outdoor SO4
2- 
Summer Winter 
10 
15 
20 
25 
µ
g/
m
3
 
Outdoor OC 
Summer Winter 
